Godeny, Michael D., and Peter P. Sayeski. ERK1/2 regulates ANG II-dependent cell proliferation via cytoplasmic activation of RSK2 and nuclear activation of elk1. Am J Physiol Cell Physiol 291: C1308-C1317, 2006. First published May 24, 2006 doi:10.1152/ajpcell.00618.2005.-In a concurrently submitted article, we show that ANG II-induced ERK1/2 activation is mediated by both c-Src/Yes/Fyn and heterotrimeric G protein/ PKC-dependent signaling. Furthermore, we show that heterotrimeric G protein/PKC-activated ERK1/2 is destined for the nucleus while ERK1/2 activated by c-Src/Yes/Fyn-dependent signaling remains in the cytoplasm. Interestingly, both mechanisms of activation are required for maximum ANG II-induced cell proliferation. In this study, we sought to determine the mechanisms by which ERK1/2 facilitate cell proliferation via these distinct nuclear and cytoplasmic events, using cells that were lacking either c-Src/ Yes/Fyn or heterotrimeric G protein/PKC-dependent ERK1/2 activation. A loss of c-Src/Yes/Fyn blocked ANG II-dependent RSK2 activation, RSK2 nuclear translocation, serum-response factor (SRF) phosphorylation, a portion of c-fos transcriptional activity and c-Fos phosphorylation. Blocking ANG II-induced heterotrimeric G protein/PKC activity resulted in a loss of ERK1/2 nuclear translocation, elk1 phosphorylation, and the remaining portion of c-fos transcriptional activity not dependent on c-Src/Yes/Fyn. Inhibition of RSK with the potent and selective inhibitor, SL0101, attenuated ANG II-induced cell proliferation, and, in combination with a PKC pseudosubstrate, completely attenuated cell proliferation. Thus we conclude that ERK1/2 mediate ANG II-dependent cell proliferation via distinct cytoplasmic and nuclear signaling events, which are in turn governed by c-Src/ Yes/Fyn and heterotrimeric G protein/PKC-dependent signaling, respectively. SL0101; angiotensin II; ribosomal S6 kinase THE ANGIOTENSIN II (ANG II) type 1 receptor (AT 1 R) is like other traditional seven-transmembrane spanning receptors in that it couples to and activates heterotrimeric G proteins, subsequently initiating downstream signaling events. More recent work (10, 15), however, has shown that the AT 1 R can also recruit and activate kinases independent of heterotrimeric G protein signaling, including the well-known tyrosine kinases of the Jak and Src families. These findings initiated a wave of research aimed at characterizing the intracellular signaling events associated with ANG II-induced tyrosine kinase activation. Generally, the activation of tyrosine kinase vs. heterotrimeric G protein-dependent signaling cascades through the AT 1 R have been described as separate events leading to specific cellular outcomes, with little focus placed upon the integration of these signaling events inside the cell.
SL0101; angiotensin II; ribosomal S6 kinase THE ANGIOTENSIN II (ANG II) type 1 receptor (AT 1 R) is like other traditional seven-transmembrane spanning receptors in that it couples to and activates heterotrimeric G proteins, subsequently initiating downstream signaling events. More recent work (10, 15) , however, has shown that the AT 1 R can also recruit and activate kinases independent of heterotrimeric G protein signaling, including the well-known tyrosine kinases of the Jak and Src families. These findings initiated a wave of research aimed at characterizing the intracellular signaling events associated with ANG II-induced tyrosine kinase activation. Generally, the activation of tyrosine kinase vs. heterotrimeric G protein-dependent signaling cascades through the AT 1 R have been described as separate events leading to specific cellular outcomes, with little focus placed upon the integration of these signaling events inside the cell.
Extracellular signal-related kinase 1 and 2 (ERK1/2) are examples of two proteins whose activities are regulated by both heterotrimeric G protein and tyrosine kinase-dependent signaling (9, 18, 20, 23, 28) . In our companion paper (7; see p. 1297 of this issue), we show that in response to angiotensin II, ERK1/2 activation is mediated independently by either Src family tyrosine kinase-dependent signaling or heterotrimeric G protein/PKC-dependent signaling in a variety of cell types. Both of these signaling mechanisms accounted for roughly 50% of ANG II-induced ERK1/2 activation. Interestingly, heterotrimeric G protein/PKC signaling regulates ERK1/2 nuclear translocation, while c-Src/Yes/Fyn-dependent signaling influences cytoplasmic ERK1/2 activation in response to ANG II. Furthermore, these two pathways were both implicated in ANG II-induced cell proliferation, with inhibition of both signaling cascades necessary to achieve complete attenuation of ANG II-induced cell proliferation. These data were striking since previous reports had shown that ERK1/2 nuclear translocation is a critical step in initiating the transcription of early response genes such as c-fos (18) . However, it appears here that cytoplasmic ERK1/2, under the control of c-Src/Yes/ Fyn, also mediates ANG II-induced cell proliferation independent of nuclear ERK1/2.
One explanation for how cytoplasmic ERK1/2 can influence early response gene transcription is that it phosphorylates cytoplasmic substrates, which in turn translocate into the nucleus and regulate transcriptional activity. Members of the ribosomal S6 kinase (RSK) family of proteins are well-known cytoplasmic targets of ERK1/2, and have been shown to promote the transcription and translation of selected mRNAs important for cell growth (11) . Previous reports (19, 25, 27) have shown that ERK1/2 activates members of the RSK family of proteins, however, it is not clear if RSK represents a possible pathway by which ANG II-activated ERK can initiate the events leading to cell proliferation.
In this study, we sought to define the mechanisms whereby ERK1/2 activated by either c-Src/Yes/Fyn or heterotrimeric G proteins/PKC-dependent signaling generates the proliferative response associated with the high-affinity binding of ANG II to the AT 1 R. We hypothesized that c-Src/Yes/Fyn-activated ERK1/2 mediates ANG II-induced cell proliferation through RSK, whereas heterotrimeric G protein/PKC signaling regulates cell proliferation through control of ERK1/2 nuclear translocation and subsequent elk1 activation. To examine this, we utilized cells devoid of Src kinases or cells lacking the ability to couple to and activate heterotrimeric G proteins. Both cell lines were stably transfected with the AT 1 R and were the same as those utilized in our accompanying manuscript (7) . We found that ERK1/2, activated via c-Src/Yes/Fyn-dependent signaling, phosphorylates ribosomal S6 kinase 2 (RSK2), which subsequently translocates into the nucleus and modulates c-fos activity at the transcriptional and posttranslational levels. These events partially mediate cell proliferation since pretreatment with SL0101, a potent and specific inhibitor of RSK, significantly attenuated ANG II-induced cell proliferation. ERK1/2 activated by heterotrimeric G protein/PKC signaling localizes to the nucleus, where it phosphorylates the transcription factor elk1 and regulates c-fos transcription. Together with ERK1/2-RSK signaling, these events mediate ANG II-induced cell proliferation. As such, this study demonstrates that the AT 1 R coordinately utilizes both hetrotrimeric G protein and Src family tyrosine kinase signaling to achieve a common cellular outcome via two different mechanisms acting in distinct cellular compartments.
MATERIALS AND METHODS

Antibodies and pharmacological inhibitors.
A cocktail of phosphospecific ERK1/2 antibodies (Promega and Santa Cruz Biotechnologies) were used to increase signal:noise ratio. Both of these antibodies are specific for phosphothreonine 202 and phosphotyrosine 204 within the conserved TEY motif. The phospho-specific RSK polyclonal antibody [␣RSK(P)-pAb] was purchased from Cell Signaling Technologies and recognizes the phosphothreonine 356/phosphoserine 360 motif. The phospho-specific SRF antibody [SRF(P)] recognizes the phosphorylated Ser103 residue; the phospho-specific elk1 [elk1(P)] monoclonal antibody recognizes phosphoserine 383. Both of these antibodies were purchased from Cell Signaling Technologies. The RSK1 antibody (␣RSK1-pAb) and the RSK2 antibody (␣RSK2-pAb) were obtained from Santa Cruz Biotechnology. A cocktail of ERK1/2 antibodies (␣ERK1/2-Abs) were used to measure total ERK1/2 protein levels. This cocktail consisted of ERK1/2 monoclonal and polyclonal antibodies from Santa Cruz Biotechnology. The ERK1/2 monoclonal antibody was used separately for immunofluorescence. The ␣Tyr(P) mAb (PY20) was from BD Transduction Laboratories. The c-Fos polyclonal antibody (␣cfos-pAb) was from Santa Cruz Biotechnology. The phosphoserine pAb [␣Ser(P)-pAb] was purchased from AnaSpec. The SL0101 compound was purchased from Toronto Research Pharmaceuticals. The PKC myristoylated pseudo-substrate (PKC MP) was purchased from Biomol Laboratories. PP2 and PD-98059 compounds were obtained from Calbiochem. Leptomycin B (LMB) was purchased from Sigma.
Cell lines and cell culture. The Chinese hamster ovary cell lines (CHO/AT 1-WT and CHO/AT1-M5 cells) were a gift from Dr. Kenneth Bernstein, and have an equal abundance of AT1R as well as affinity for ANG II (5). The WT/AT1 and SYF/AT1 mouse embryonic fibroblast cells have also been described (7) .
Cell lysate preparation and Western blot analysis. Proteins were detected using enhanced chemiluminescence exactly as described (21) . For Western blots, the cells were lysed in RIPA buffer containing protease inhibitors (1) .
Immunoprecipitation. Cells were washed with 2 volumes of icecold PBS containing 1 mM Na 3VO4 and lysed in 1.0 ml of ice-cold RIPA buffer plus protease inhibitors (1) . The samples were immunoprecipitated exactly as described previously using the indicated antibodies (21) .
Densitometric analysis. Western blots were scanned and densitized using UnScanIt Gel Analysis (Silk Scientific). The average pixel value minus background was obtained for each cell type and normalized to the average pixel value for the respective non-ANG II-treated cells.
Immunofluorescence. WT/AT 1 and SYF/AT1 cells were plated onto four-chambered slides (Lab-Tek) and grown to 70% confluency. Cells were serum starved in serum-free DMEM supplemented with BSA for 48 h. Following starvation, all cells were ligand treated with 10 Ϫ7 M ANG II. Slide chambers were removed from slides, and cells were washed once with PBS (pH 7.4). Cells were fixed in 4% paraformaldehyde (Fisher) for 10 min at room temperature, rinsed in PBS, and permeabilized for 3 min in acetone (Fisher) at Ϫ20°C. Cells were rinsed three times in PBS, and blocked for 15 min in 3% BSA/PBS at room temperature in a homemade hydration chamber to prevent evaporation. Cells were incubated with the primary antibody indicated for each experiment (1:500 in 3% BSA/PBS) for 1 h. All cells were next rinsed three times in PBS. Cells were incubated with the appropriate fluorochrome-conjugated secondary antibody (1:100 in 3% BSA/PBS) for 1 h at room temperature in a hydration chamber. In the case of the ␣RSK2-pAb, the ␣rabbit IgG-FITC secondary antibody (Sigma) was used. For the ␣ERK2-mAb and ␣elk1(P)-mAb, the ␣mouse IgG-Texas Red secondary antibody (Sigma) was used, while ␣Goat IgG-FITC secondary antibody (Santa Cruz) was utilized in conjunction with the ␣SRF(P)-pAb. Upon completion of incubation with the appropriate secondary antibody, cells were washed three times in PBS. A glass coverslip was mounted to each slide using Vectashield ϩ DAPI mounting medium (Vector Labs). The edges of the slides were sealed with nail polish sealant (Maybelline) and allowed to dry. All dry slides were stored at Ϫ20°C until viewed. Slides were viewed on a Zeiss Axioplan II Fluorescence microscope.
Quantification of nuclear and cytoplasmic fluorescence. Fluorescence in the nucleus or cytoplasm was quantified using the NIH Image J Progam. Pixel intensity readings were taken from either the nucleus or cytoplasm of multiple cells within each field. Values were averaged for each treatment group representative of three independent experiments. Nuclear fluorescence was then normalized to cytoplasmic fluorescence by dividing the average nuclear pixel intensity by the average cytoplasmic pixel intensity from each treatment group.
c-fos transcriptional activity. SREw/Luc, mSRF/Luc, murine ternaru complex factor (mTCF)/Luc, and TK/Luc plasmids were kindly provided by Dr. Jessica Schwartz (12) . WT/AT1 and SYF/AT1 cells were plated onto four-chambered slides (LabTek) and transientlytransfected with each individual plasmid using 8 l of Lipofectin (Invitrogen). All transfected cells were incubated for 5 h at 37°C. The transfection was stopped by washing cells in PBS, and incubating the cells in serum-containing DMEM for 12-16 h. Cells were serum starved in DMEM ϩ BSA (0.5% wt/vol) for 12-16 h, and treated with 10 Ϫ7 M ANG II for the amount of time indicated in each experiment. Cells were placed in 1ϫ Reporter Lysis Buffer (Promega), and exposed to one Ϫ80°C freeze/thaw cycle (30 min each) to aid in the disruption of cell membrane integrity. Cells were placed on a shaker at room temperature for one additional hour to ensure complete lysis, and then transferred to a microcentrifuge tube. Cells were centrifuged at 12,000 g for 2 min at 4°C, and 20 l of cell lysate was combined with 100 l of luciferin substrate (Promega). Luciferase activity was measured with a Monolight 3010 luminometer (PharMingen) at 10-s intervals.
Cell count. WT/AT1 and SYF/AT1 cells were plated onto 100 mm culture dishes and grown to 80% confluency. Cells were serum starved and treated with 10 Ϫ7 M ANG II as indicated. Both cell types were then counted using a hemocytometer as described (23) .
Statistical analysis. Data were analyzed by two-way ANOVA. All data passed a normality test as well as equal variance test. Pairwise comparisons were made following the Holm-Sidak method. All data are expressed as means Ϯ SE; P Ͻ 0.05 or P Ͻ 0.01.
RESULTS
c-Src/Yes/Fyn-mediated ERK1/2 activation is required for RSK phosphorylation and ERK1/2-RSK2 co-association.
Our accompanying work suggests that ERK1/2 activated by c-Src/ Yes/Fyn acts upon cytosolic proteins to promote ANG IIdependent cell proliferation. We first examined whether the phosphorylation of RSK, a well known cytoplasmic substrate of ERK1/2 (18, 25, 27), was dependent upon c-Src/Yes/Fyn and ERK1/2 signaling.
WT/AT 1 and SYF/AT 1 cells were stimulated with ANG II, and RSK activation assessed via Western blots using a phospho-specific RSK antibody that recognizes phosphorylated RSK1, RSK2, and RSK3. RSK activation occurred in response to ANG II in WT/AT 1 cells and was maximal after 10 min of ANG II treatment and declined thereafter ( Fig. 1A and data not shown). However, ANG II-induced RSK activation was completely absent from SYF/AT 1 cells, indicating that c-Src/Yes/ Fyn are necessary for the activation of RSK in response to ANG II. These results were recapitulated by pretreating WT/ AT 1 cells with PP2, a Src kinase inhibitor (Fig. 1B) . In addition, ANG II-induced RSK phosphorylation in WT/AT 1 cells was dependent upon ERK1/2 activity because pretreatment with the ERK activation inhibitor, PD-98059, attenuated RSK activation in these cells (Fig. 1C) . RSK activation in response to ANG II is therefore mediated by both c-Src/Yes/ Fyn and ERK1/2.
We then sought to determine which specific RSK isoform(s) was phosphorylated in response to ANG II. Of the three known RSK isoforms, only RSK1 and RSK2 are phosphorylated by ERK1/2 (6). We therefore prepared whole cell lysates from WT/AT 1 and SYF/AT 1 cells and Western blotted with RSK1 or RSK2 specific antibodies alongside positive control whole cell lysates. RSK1 was not expressed in WT/AT 1 cells, but was expressed in SYF/AT 1 cells (Fig. 1D ). These expression levels did not change with the addition of ANG II (data not shown). However, RSK2 was expressed equally in both cell types. Therefore, we conclude that RSK2 is most likely the isoform phosphorylated in the presence of c-Src/Yes/Fyn.
Previous reports (22, 25, 27) have shown that active ERK1/2 bind RSK proteins via the ERK docking site and, once bound, modulate RSK activity. We next examined the ability of RSK and ERK to co-associate in the presence or absence of c-Src/ Yes/Fyn, to determine whether the ERK1/2 activated by c-Src/ Yes/Fyn co-associates with RSK. WT/AT 1 and SYF/AT 1 whole cell lysates were immunoprecipitated with a phosphospecific ERK1/2 antibody, and then Western blotted with the phospho-specific RSK antibody. ERK1/2-RSK co-association was evident after 5 min of ANG II treatment in WT/AT 1 cells, but was completely absent from SYF/AT 1 cells (Fig. 1E) . As such, these data demonstrate that ERK1/2 and RSK co-associate in response to ANG II, and that ERK1/2 must be activated by c-Src/Yes/Fyn-dependent signaling for these proteins to interact.
RSK2 nuclear translocation is dependent upon c-Src/Yes/ Fyn while ERK1/2 nuclear translocation occurs independent of c-Src/Yes/Fyn. Phosphorylated RSK has been shown to translocate into the nucleus and modulate the transcriptional activity of target genes in response to stimulation of various cytokine and growth factor receptors (2, 34). We next examined whether RSK nuclear translocation occurs in response to ANG II, and whether this event is regulated by c-Src/Yes/Fyn. WT/AT 1 and SYF/AT 1 cells were pretreated with leptomycin B (LMB) to prevent the nuclear exportation of proteins, and then stimulated with ANG II. RSK nuclear accumulation was then assessed by immunofluorescence. Translocation of RSK2 into the nucleus occurred in response to ANG II treatment in WT/AT 1 cells, and the nuclear accumulation of RSK2 was confirmed by merging the RSK2 and DAPI images (Fig. 2, A 
, B, E, and F).
However, ANG II-induced RSK2 nuclear translocation did not occur in the absence of c-Src/Yes/Fyn (Fig. 2, C 
, D, G, and H).
Pretreatment of WT/AT 1 cells with PP2, a Src family kinase Ϫ7 M ANG II for 0, 5, and 10 min. Total RSK phosphorylation was assessed by Western blot analysis using the indicated antibody (top). Total protein loading was demonstrated by stripping the membrane and reprobing for ERK1/2 (bottom). D: presence or absence of RSK1 and RSK2 in cells was examined by Western blotting WT/AT1 and SYF/AT1 whole cell lysates with the indicated antibodies (top). Control MDCK and NIH3T3 whole cell lysates were also run on the same gel. Total protein loading was demonstrated by stripping the membrane and reprobing for ERK1/2 (bottom). E: active RSK2-ERK co-association was assessed in WT/AT1 and SYF/AT1 whole cell lysates by immunoprecipitating (IP) and Western blot analysis with the indicated antibodies (top). Total protein loading was demonstrated by blotting whole cell lysates with the indicated antibodies (bottom). All Western blots are representative of at least 3 independent blots. inhibitor, also prevented ANG II-induced RSK2 nuclear accumulation (Fig. 2, I , J, K, and L). Quantification of nuclear and cytoplasmic fluorescence confirmed that RSK2 nuclear translocation occurred in WT/AT 1 cells stimulated with ANG II, but was blocked in SYF/AT 1 cells or in WT/AT 1 cells pretreated with PP2 (Fig. 2M) . Collectively, these data show that ANG II-induced RSK nuclear translocation is regulated by c-Src/ Yes/Fyn.
Next, we planned to determine whether RSK2 nuclear translocation occurred independent of ERK1/2 nuclear translocation. WT/AT 1 and SYF/AT 1 cells were pretreated with LMB and then stimulated with ANG II. RSK2 and ERK1/2 nuclear translocation were then assessed via immunofluorescence. Both RSK2 and ERK1/2 translocated into the nucleus in response to ANG II in WT/AT 1 cells (Fig. 2, N, O, R, and S) . Merging of RSK2 and ERK1/2 images confirmed that RSK2 and ERK1/2 nuclear translocation patterns were the same in these cells (Fig. 2, V and W) . However, nuclear translocation of ERK1/2 persisted in SYF/AT 1 cells while RSK2 nuclear translocation was attenuated ( Fig. 2, P, Q, T, and U) . Merging of the ERK1/2 and RSK2 images confirmed that these two proteins exhibit different patterns of nuclear translocation in SYF/AT 1 cells (Fig. 2, X and Y) . Quantification of nuclear and cytoplasmic fluorescence revealed that ERK1/2 nuclear translocation was similar in WT/AT 1 and SYF/AT 1 cells (Fig. 2Z) . Furthermore, pretreatment of cells with PKC myristoylated pseudosubstrate (PKC MP) attenuated ERK1/2 nuclear translocation in both cell types but had no effect on RSK2 nuclear translocation in response to ANG II (data not shown). As such, these data demonstrate that ERK1/2 nuclear translocation is regulated by PKC-dependent signaling whereas RSK2 nuclear translocation is controlled by c-Src/Yes/Fyn.
SRF and elk1 modulate c-fos transcriptional activity in reponse to ANG II. c-fos transcription is regulated via the binding of specific transcription factors to the serum response element (SRE) within the c-fos promoter, namely the serum response factor (SRF) and ternary complex factor (TCF) (12, 14, 16, 34) . RSK has been implicated in the phosphorylation of the SRF while ERK1/2 have shown to phosphorylate TCF proteins, thereby increasing the activity of these transcription factors (14, 16, 29) . However, the roles of the SRF and the TCF during ANG II-induced c-fos transcription are still unknown.
We first examined whether SRF and TCF activity are regulated by either PKC-dependent or c-Src/Yes/Fyn-dependent signaling in response to ANG II. WT/AT 1 and SYF/AT 1 cells were stimulated with ANG II, and SRF or TCF nuclear phosphorylation assessed via immunofluorescence. Nuclear SRF phosphorylation occurred in response to ANG II treatment in WT/AT 1 cells (Fig. 3, A, B, F, and G) . ANG II-induced SRF phosphorylation was completely lost in SYF/AT 1 cells stimulated with ANG II (Fig. 3, D, E, I, and J) . In addition, pretreatment of WT/AT 1 cells with PKC MP did not affect ANG II-induced SRF phosphorylation (Fig. 3, C and H) . Quantification of nuclear and cytoplasmic fluorescence revealed that ANG II-induced SRF phosphorylation in WT/AT 1 cells was not affected by PKC MP pretreatment, whereas ANG II-induced SRF phosphorylation did not occur in SYF/ AT 1 cells (Fig. 3Q) . Thus SRF phosphorylation is dependent upon c-Src/Yes/Fyn-dependent signaling and not PKC.
The nuclear phosphorylation of elk, a TCF activated in response to ERK1/2, was assessed in the same manner. Elk1 phosphorylation occurred in response to ANG II in WT/AT 1 cells (Fig. 3, K, L, N, and O) . In addition, ANG II-induced elk1 phosphorylation persisted in SYF/AT 1 cells (data not shown). Pretreatment with PKC MP attenuated elk1 nuclear phosphorylation (Fig. 3, M and P) . Quantification of nuclear and cytoplasmic fluorescence revealed that ANG II-induced elk1 phosphorylation in WT/AT 1 cells was blocked by PKC MP pretreatment (Fig. 3R) . Thus TCF phosphorylation appears to be mediated by PKC-dependent signaling and not by c-Src/ Yes/Fyn.
Both SRF and TCF have been shown to modulate c-fos transcriptional activity in response to growth hormone treatment (12) . We therefore sought to determine whether SRF and TCF binding of the c-fos SRE occurred in response to ANG II, and whether these events were altered by the absence of c-Src/Yes/Fyn. WT/AT 1 and SYF/AT 1 cells were transiently transfected with wild-type or mutated SRE-luciferase plasmids and then stimulated with ANG II. The wild-type SRE plasmid (SREw/Luc) alone mediated ANG II-induced luciferase expression in both cell types (Fig. 4) . ANG II-induced luciferase activity was reduced by ϳ50% in SREw/Luc transfected SYF/ AT 1 cells relative to transfected WT/AT 1 cells, indicating that c-fos transcriptional activity is in part dependent upon c-Src/ Yes/Fyn. Furthermore, mutation of either the SRF or TCF binding sites only partially blocked ANG II-induced luciferase expression in WT/AT 1 cells. In addition, ANG II-induced luciferase expression was significantly reduced in SYF/AT 1 cells transfected with either the mSRF/Luc or mTCF/Luc plasmids. Note that the reporter plasmid alone (TK/Luc) consistently failed to respond to ANG II in both cell types. These data therefore indicate that the SRF and TCF transcription factors both partially modulate c-fos transcriptional activity in either a c-Src/Yes/Fyn or PKC-dependent manner, respectively. WT/AT 1 and SYF/AT 1 cells were stimulated with ANG II, and cell lysates were immunoprecipitated with anti-phosphoserine antibody and Western blotted with a c-Fos-specific antibody to assess for changes in c-Fos phosphorylation at Ser residues. A marked fourfold increase in c-Fos phosphorylation was observed in WT/AT 1 cells after 60 min of ANG II treatment (Fig. 6A) . Phosphorylated c-Fos levels remained elevated after 120 min of ANG II treatment, and began to decline by 240 min. In contrast, a comparatively small increase in c-fos phosphorylation was observed in ANG II-treated SYF/AT 1 cells after 60 min, and phosphorylated c-Fos levels declined to baseline amounts by 120 min. These results are displayed graphically, and were normalized to total c-Fos protein amounts to account for differences in total c-Fos protein (Fig. 6B) . Collectively, these data suggest that c-Fos phosphorylation is reduced in the absence of c-Src/Yes/Fyn and subsequent ERK/RSK2 activation, in response to ANG II.
Selective RSK inhibition partially reduced ANG II-induced cell proliferation. We next wanted to assess the consequence of selective RSK inhibition on ANG II-induced cell proliferation since RSK activation, under the influence of Src kinase activated ERK1/2, appears to modulate c-Fos levels and its biological activity. Recently, a highly selective and potent RSK inhibitor, SL0101, was isolated by Lannigan and colleagues (26) . Sl0101 has already been shown to selectively inhibit RSK without interfering with upstream activators of RSK like ERK, MEK, EGFR, and PKC (13). Furthermore, this compound has been shown to prevent cell proliferation in cancer cells and thus has established RSK as a target for therapeutic intervention and SL0101 as an anti-cancer agent (3). However, a role for RSK in ANG II-induced cell proliferation remains to be established.
WT/AT 1 and SYF/AT 1 cells were stimulated with ANG II, and cell proliferation assessed via a direct cell count. A marked threefold increase in cell number was observed in WT/AT 1 cells treated with ANG II (Fig. 7A) . ANG II-induced increases in cell number were reduced by 1.5-fold in SYF/AT 1 cells relative to WT/AT 1 cells. Pretreatment with SL0101 reduced WT/AT 1 cell number to levels found in SYF/AT 1 cells treated with ANG II. However, SL0101 pretreatment did not affect ANG II-induced increases in SYF/AT 1 cell number, suggesting that ANG II-induced cell proliferation occurring independent of c-Src/Yes/Fyn is not dependent upon RSK2 and also that SL0101 exhibits low toxicity. Finally, PKC MP pretreatment completely attenuated ANG II-induced increases in SYF/AT 1 cell number but only partially attenuated ANG II-induced increases in WT/AT 1 cell number. Furthermore, the addition of PKC MP and SL0101 to WT/AT 1 cells blocked all ANG II-induced increases in cell number. These data therefore demonstrate that PKC partially regulates ANG II-induced cell proliferation independent of RSK2. Furthermore, RSK2 mediates ANG II-induced cell proliferation downstream of c-Src/ Yes/Fyn since the addition of SL0101 to SYF/AT 1 cells did not further lower the already reduced amount of ANG II-induced cell proliferation exhibited by these cells.
To recapitulate these findings in another cell type, we examined the effect of SL0101 addition on cells devoid of heterotrimeric G protein activation, the CHO/AT 1 -M5 cells. A marked threefold increase in cell number was observed in CHO/AT 1 cells treated with ANG II (Fig. 7B) . ANG II-induced increases in cell number were reduced by ϳ0. II to levels found in ANG II-treated CHO/AT 1 -M5 cells. Thus RSK2 does not regulate ANG II-induced cell proliferation through heterotrimeric G protein-dependent mechanisms. The pretreatment of CHO/AT 1 cells with PKC MP partially reduced ANG II-induced cell proliferation; however, CHO/ AT 1 -M5 cell number was not affected by the addition of PKC MP. Therefore, PKC appears to partially mediate ANG IIinduced cell proliferation, and it does so downstream of heterotrimeric G proteins. Finally, all ANG II-induced cell proliferation in CHO/AT 1 cells was blocked by pretreatment with PKC MP and SL0101. Collectively, these data further demonstrate that ANG II-induced cell proliferation is regulated by heterotrimeric G protein/PKC and c-Src/Yes/Fyn/RSK-dependent signaling.
DISCUSSION
In our accompanying report (7), we show that intracellular ERK1/2 activation is mediated by both c-Src/Yes/Fyn-dependent and heterotrimeric G protein/PKC-dependent signaling and that both of these signaling pathways contribute equally to cell proliferation in response to ANG II. In this report, we extend these findings by defining the mechanism as to how this occurs (summarized in Fig. 8 ). The key to these findings is that heterotrimeric G protein/PKC-dependent signaling dictates that ERK1/2 translocates into the nucleus and phosphorylates specific transcription factors like elk1, leading to increased c-fos transcriptional activity. c-Src/Yes/Fyn signaling on the other hand, phosphorylates ERK1/2 in the cytoplasm, where ERK1/2 remains and complexes with RSK2. RSK2 becomes activated, and then translocates into the nucleus to modulate c-fos transcription and c-Fos protein activity. In combination, these two signaling events coordinately regulate proliferation in response to ANG II.
These findings support the idea that two separate pools of ERK1/2 exist within the cell; a pool of ERK1/2, which complexes with and activates RSK2 and a pool of ERK1/2, which translocates directly into the nucleus. Previous studies (8) support this idea. In Xenopus laevis oocytes, as much as 50% of the total pool of ERK2 complexed with RSK. However, ERK2 activation resulted in the dissociation of the ERK2-RSK complex within these cells. Other studies in COS-7 cells ectopically expressing the three RSK isoforms demonstrated that ERK-RSK complexes did not dissociate when ERK1/2 was activated by EGF (33) . Here, we show that ERK1/2 and RSK2 rapidly co-associate in response to ANG II, with maximum co-association occurring after 10 min of ANG II treatment. This co-association is completely dependent upon c-Src/ Yes/Fyn signaling. Other pools of ERK1/2 do not co-associate with RSK because we see nuclear accumulation of ERK1/2 occurring well before RSK2 nuclear translocation happens, indicating that some ERK1/2 does not complex with RSK2. In addition, this nuclear translocation of ERK1/2 occurs at the same time as a portion of ERK1/2 complexes with RSK2. Note that RSK2-ERK1/2 complexes do not translocate into the nucleus together since pretreatment of cells with PKC MP blocked all ERK1/2 nuclear translocation but did not affect RSK2 nuclear translocation (data not shown). Therefore, ERK1/2 and RSK2 nuclear translocation occur separately in response to ANG II. Further supporting the idea that two different pools of ERK exist inside the cell, our data show that in response to ANG II, some ERK1/2 directly enters the nucleus whereas another portion complexes with RSK2. Previous studies (12) have also shown that a pool of ERK complexes with RSK, though RSK-ERK co-association patterns may differ depending upon the receptor activated.
The duration as well as the magnitude of ERK1/2 activation has also been proposed to regulate gene expression and other specific intracellular responses. Catt and colleagues have shown that the magnitude and duration of ERK1/2 activation in response to gonadotropin-releasing hormone (GnRH) depends upon the mechanism whereby ERK1/2 is activated, with a more sustained pattern of ERK activation occurring through G ␣q /PKC-dependent signaling, and a more transient pattern of ERK activation caused by transactivation of the EGFR by the GnRH receptor (24) . Sustained GnRH-induced ERK1/2 activation lead to ERK1/2 nuclear accumulation, whereas ERK1/2 activated transiently failed to accumulate in the nucleus. Other reports have shown that sustained vs. transient patterns of ERK1/2 lead to different cellular responses, including cell death or cell growth/proliferation (17) . We previously showed that more sustained patterns of ANG II-induced ERK1/2 acti- With regard to PKC regulation, ERK1/2 translocates into the nucleus upon stimulation of the AT1R. Here, ERK1/2 phosphorylates elk1, which binds to the c-Fos SRE and partially regulates c-fos transcriptional activity. c-fos transcriptional activity is also regulated by binding of the SRF. The SRF is phosphorylated in response to nuclear RSK2, which translocates into the nucleus after being phosphorylated by ERK1/2 in the cytoplasm. Cytoplasmic ERK1/2 phosphorylation is regulated by c-Src/Yes/Fyn-dependent signaling, independent of heterotrimeric G protein/PKC activity. In addition, nuclear RSK2 directly phosphorylates c-Fos and increases the activity and stability of this protein. Thus two independent pathways of ERK1/2 activation coordinately regulate ANG II-induced cell proliferation by inducing c-fos transcription and increasing c-Fos activity through the posttranslational modification of this protein.
vation occurred in cells, in which both c-Src/Yes/Fyn and heterotrimeric G protein/PKC signaling were intact (7). More transient patterns of ERK1/2 activation are evident when either of these pathways were disrupted. Here, we demonstrate that a longer and more robust ERK1/2 activation pattern achieved through the simultaneous activation of both signaling cascades resulted in greater amounts of ANG II-induced cell proliferation. Less robust and transient patterns of ERK1/2 activation achieved by the disruption of one pathway resulted in a diminished amount of cell proliferation in response to ANG II. We found cell proliferation to be dependent upon the amount of c-fos transcribed and phosphorylated, with a greater amount of c-fos transcription occurring when both heterotrimeric G protein/PKC and c-Src/Yes/Fyn signaling pathways were dually activated. Furthermore, c-fos stability was extended when c-Src/Yes/Fyn-dependent signaling was intact. Thus the magnitude and duration of ERK1/2 activation affect ANG IIinduced cell proliferation as well.
ANG II-induced cell proliferation is associated with aberrant ANG II release and subsequent cell growth and proliferation during the progression of various cardiovascular diseases and cancers (4, 28, 30 -32) . Here, we show that both heterotrimeric G protein and Src family tyrosine kinase signaling must be blocked to completely attenuate ANG II-induced ERK1/2 activation. RSK2 can also be inhibited, as we show this to be the downstream target for ERK1/2 activated by c-Src/Yes/Fyndependent signaling. Thus, SL0101, a compound previously shown to be an anti-cancer agent, may also provide possible therapeutic benefits to patients suffering from certain cardiovascular diseases.
In summary, we show that ANG II-induced cell proliferation is mediated by two mechanistically different signaling pathways, both dependent on ERK1/2. Whether ERK1/2 activates RSK2 or translocates into the nucleus to mediate cell proliferation, is determined by c-Src/Yes/Fyn or heterotrimeric G protein/PKC signaling, respectively. Interestingly, both of these pathways positively regulate c-fos transcription and c-Fos protein activity via the phosphorylation of different transcription factors, which initiate cell proliferation. Thus, this work demonstrates that the AT 1 R, a prototypical GPCR, coordinately utilizes both heterotrimeric G protein and Src family tyrosine kinase-dependent signaling pathways to achieve angiotensin II-induced proliferation.
